Heparan sulfate proteoglycans (HSPGs) 
HS sulfation patterns and epimerization. Lack of the NDST-1 results in a severe cerebral and craniofascial phenotype
. Furthermore, embryos lacking heparan sulfate-6-O-sulfotransferase-1 or heparan sulfate-2-O-sulfotransferase show aberrant axon navigation specific for each sulfotransferase [10] .
So far only two enzymes are known which are able to modify existing HS codes after the newly synthesized proteoglycan has left the secretory pathway, namely the extracellular 6-O-endosulfatases Sulf1 and Sulf2 [11, 12] . The genetic knockout or gene-trap disruption of these sulfatases has been described recently [13] [14] [15] [16] [17] [15, [18] [19] [20] [21] [22] [23] [24] 
. Sulf1 and Sulf2 cleave 6-O-sulfate moieties from HS chains, thereby influencing the activity of growth factors like Wnt, fibroblast growth factor-2 (FGF-2), stromal cell-derived factor-1 (SDF-1), bone morphogenetic proteins (BMPs), glial derived neurotrophic factor (GDNF) and hepatocyte growth factor (HGF)

Materials and methods
Mouse lines
Sulf1 and Sulf2 knockout mouse lines were generated as described previously [13] . In 
Light microscopical analysis
Wild-type and hydrocephalic Sulf2-deficient mice from postnatal to adult stages, were fixed for at least 7 days with Bouin's fixative using perfusion (7 days 
Timm's staining
Timm's staining was performed to visualize mossy fibres in the inner molecular layer of the hippocampus. Cryosectioned material (20 m) was stained through a non-perfusion protocol: Therefore sections were incubated in a desiccation chamber overnight containing Na2S solution (0.1%) that had been adjusted to pH 7.3 
Cerebella microexplant cultures
Microexplant cultures from mouse cerebella were prepared as previously described in detail [25] . Briefly, cerebella taken from 6- [16, 29, 30] and 'The Allen Brain Atlas Project'
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Hippocampal single cell culture
Hippocampal single cell cultures were prepared according to a published protocol [26] . Briefly 
Mouse embryonic fibroblast cultures
Mouse embryonic fibroblasts were prepared as described previously [13] . 
Cage activity and neuromotor testing
Results
A significant fraction of Sulf2-deficient newborn mice develop a hydrocephalus
To analyse the in vivo function of the HS modulating enzymes Sulf1 and Sulf2, knockout mice were generated using a classical knockout approach [13] 
data not shown). A congenital hydrocephalus normally develops due to either (i) impaired cerebrospinal fluid (CSF) flow (hydrocephalus occludens), (ii) reduced CSF reabsorption, (iii) excessive CSF production or (iv) a reduction in brain mass during neuronal development caused by deficits in neurite outgrowth, cell survival or migration
Fig. 1 Sulf2-deficient mice develop a congenital hydrocephalus. Coronal sections of juvenile wild-type (A, D, E, H, L) and Sulf2-deficient hydrocephalic mice (B, C, F, G, I-K, M) were stained with haematoxylin and eosin and examined by light microscopy. Sulf2 knockout mice showed a deformation of the nasal septum compared to age-matched control animals (A, B). The observed hydrocephalus was combined with an overall enlargement of the ventricle system, in particular the olfactory ventricle (ov) and the lateral ventricles (lv) (C, F). Coronal sections of Sulf2-deficient brains (G) showed a corpus callosum (cc) agenesis (compare G with E). In Sulf2-deficient hydrocephalic mice (I), a deformation of the hippocampus (hc) was detectable compared to age-matched wild-type animals (H). In comparison to control mice (H, L), the cortex (ct) of mutant mice (J, K, M) was reduced (ac, anterior commissure), in particular a reduction of deeper cerebral cortical layers was detectable (I-VI: lamina I-VI).
(hydrocephalus ex vacuo) [28] . To analyse the characteristics of the hydrocephalus caused by the lack of Sulf2, paraffin embedded brain sections from hydrocephalic Sulf2-deficient mice and agematched wild-type animals were stained with haematoxylin and eosin and examined by light microscopy (Fig. 1) . Coronal sections revealed a number of abnormalities in brains of Sulf2-deficient mice: The chondral anlage of the nasal septum was deformed, obviously as a consequence of the higher hydrostatic pressure before ossification (Fig. 1, compare A and B) . In general, a deformation of the nasal septum agrees with the assumption that the hydrocephalus is a consequence of foetal malformations and thus is already present at birth. Furthermore, there was an obvious reduction of overall brain size detectable in all analysed hydrocephalic Sulf2-deficient mice which was combined with a general enlargement of the whole ventricle system, in particular the olfactory ventricles (Fig. 1C) , the lateral ventricles (Fig. 1 (Table 1) [17, 29, 30] . In some dramatic cases the cortex was interrupted (Fig. 1J and K (Fig. S1, compare D, G and F, I ). Neurofilament L (Fig. S1 J and L (Fig. 2B and C) . Closure defects of the cranial neural tube during neuronal development are often associated with a congenital hydrocephalus [32] . Furthermore, in some Sulf2 mutants dramatic malformations of the whole embryo were found where the characteristic patterning of the brain vesicles was completely absent (Fig. 2E-G) . Interestingly, the observed malformations confirm the expression pattern of Sulf2 in the developing nervous system with highest levels detectable in the hindbrain, midbrain and telencephalic vesicle [17, 29, 30] (Fig. S1 A and B) . Additionally, light microscopically analysed Sulf1-deficient hippocampi were indistinguishable from that of control mice (Fig. S1 D and E) . No differences were detectable in Timm's stainings of mossy fibres (Fig. S1 G and H) or in Neurofilament L (Fig. S1 J and K) , GFAP (Fig. S1 M  and N) and synaptophysin (data not shown) immunoreactivity. Also, light microscopical (Fig. S2, compare A, D and B, E) and immunohistochemical analysis (Fig. S2, compare G, J and H, K) (Fig. 3A) .
, compare F and D), the foramen interventriculare and the third ventricle (data not shown). In all analysed animals an open aquaeductus cerebri, which is the narrowest site of the ventricle system, excludes a hydrocephalus occludens (data not shown). Although Sulf2 is expressed in the plexus choroideus during neuronal development (Table 1), electron microscopic investigations of the plexus choroideus showed no obvious abnormalities giving no indication for an abnormal development of the CSF producing organ (data not shown). In general, in all analysed hydrocephalic mutants the cortex was thinner. Detailed analysis showed a reduction of deeper cerebral cortical layers (Fig. 1, compare D, L with F, M) which is in line with a Sulf2 characteristic expression pattern in the cortex anlage during embryogenesis and highest expression levels in lamina III, V and VI in adult mice
We (Fig. 3A) . Likewise laminin dependent neurite outgrowth of Sulf2-deficient cerebellar explants was significantly reduced (Fig. 3A) . In contrast, Sulf2-deficient explants on poly-L-lysine showed no significant difference in neurite length compared to wild-type explants (Fig. 3A) . (Fig. 3D) .
mesencephalon (B, C) or telencephalon (C). In embryos with more dramatic malformations, the normal patterning of the cranial neural tube was completely absent (E-G, arrows). (H) Statistical analysis of 49 examined Sulf2-deficient embryos. substrate combination poly-L-lysine plus laminin showed a clear reduction in neurite length
Axon outgrowth towards specific targets is dependent an guidance cues in the extracellular matrix as well as on the cell surface of neighbouring cells which modulates dynamic changes in the polymerization of cytoskeletal filaments. To analyse whether the observed deficits in neurite outgrowth of Sulf1-and Sulf2-deficient cerebellar explants can be explained by an altered growth cone morphology, phalloidin stainings of explant cultures were investigated using fluorescence microscopy (data not shown). Neither Sulf1-nor Sulf2-deficient growth cones from cerebellar explants were morphologically distinguishable from that of wildtype mice. Growth cones were well elaborated with filopodial and lamellipodial structures. Furthermore, analysing the neurite lengths of isolated hippocampal single cell cultures, using the same substrates as above, revealed a decrease in neurite length on poly-L-lysine and a much more pronounced reduction in neurite length on a combination of the substrates poly-L-lysine and laminin for neurons of both Sulf1-and Sulf2-deficient mice in comparison to wildtype neurons (Fig. 3B). Phalloidin stainings of hippocampal neurons revealed no differences in growth cone morphology between wild-type and Sulf1-deficient neurons (data not shown). In contrast, Sulf2-deficient hippocampal neurons showed a slightly altered growth cone morphology as they appear smaller and the typical hand-shaped structure was often missing (data not shown). Further detailed analysis concerning filopodia number
Fig. 3 Effect of Sulf1 and Sulf2 deficiency on neurite outgrowth of cerebellar and hippocampal neurons. (A) Cerebellar microexplant cultures from wild-type, Sulf1-and Sulf2-deficient mice (postnatal day 6) were plated onto glass coverslips coated with poly-L-lysine (PLL) (P) or a combination of PLL and laminin (L). After incubation for 48 hrs at 37ЊC explants were fixed and stained. Neurite outgrowth from the explants was quantitated by measuring the length of the 10 longest neurites of 10 aggregates in three independent experiments. (B) A similar analysis was performed for hippocampal neurons (postnatal day 1). Neurite outgrowth was quantitated after 48 hrs by measuring the length of 100 neurites in three independent experiments; the asterisks indicate statistically significant differences of Sulf-deficient neurons as compared to wild-type neurons (P Ͻ 0.05). (C, D) The expression of Sulf enzymes were investigated by real-time PCR analysis using mRNAs from Sulf1 (S1
In vitro phenotypes are sulfatase-specific
As real-time PCR analysis of mouse embryonic fibroblasts isolated from Sulf1-and Sulf2-deficient mice had revealed an upregulation of Sulf1 expression in Sulf2-deficient fibroblasts [13], overlapping functions of Sulf1 and Sulf2 were suggested. To analyse whether the observed neurite length reduction of Sulf1-and Sulf2-deficient cerebellar granule and hippocampal cells is accompanied by an up-or down-regulation of Sulf1 in the Sulf2 knockout situation, or vice versa, we investigated the expression levels of Sulf1 and Sulf2 in cerebellar and hippocampal single cell cultures in comparison to mouse embryonic fibroblasts (Fig. 3C and D). Surprisingly, different from the situation in MEFs neither an up-regulation of Sulf1 in Sulf2-deficient cerebellar and hippocampal neurons (Fig. 3C) nor a compensatory expression of Sulf2 in Sulf1-deficient cells were detectable
In [33] or heparin-binding-growth associated molecule (HB-GAM) [34] (Fig. S3 A) [29, 30] .
conclusion, functional co-operativity of the Sulf enzymes as judged from co-reulgated expression seems to be cell-typespecific. Further, since no up-regulation of Sulf1 in the Sulf2 knockout or vice versa was observed, the described in vitro phenotypes are sulfatase-specific. In addition these results for the first time give additional information concerning Sulf1 and Sulf2 expression in the postnatal central nervous system, as real-time PCR results clearly show that Sulf1 and Sulf2 are expressed in primary cell cultures of the postnatal cerebellum (P6) and hippocampus (P1).
Unaltered basal synaptic transmission and LTP in Sulf2-deficient mice
The development of synaptic connections in the hippocampus is modulated by a number of factors, among them HSPG-dependent molecules like the neural cell adhesion molecule (NCAM)
Unaltered basal synaptic transmission, but impaired LTP in Sulf1-deficient mice
Similar to Sulf2-deficient mice, no significant differences between Sulf1-deficient mutants and wild-type littermates at 1 month of age were found demonstrating normal basal levels of excitatory transmission and its presynaptic modulation (Fig. S3) . Furthermore, the ratio between fEPSP amplitude and fibre volley was not significantly different between genotypes (Fig. S3 B 
, inset). In addition, we investigated hippocampal synaptic plasticity in Sulf1-deficient mice. TBS of Schaffer collaterals reliably produced short-term potentiation (PTP) and LTP in all slices measured from wild-type animals (Figs 4B and S3). No difference in the levels of PTP in Sulf1-deficient mice were measurable. On the contrary, TBS-induced LTP was significantly reduced (Fig. 4B), as compared to wild-type mice (Student's t-test, P ϭ 0.032). In summary, in contrast to mice lacking Sulf2 function, Sulf1-deficient mice show normal basal synaptic transmission but an impairment of CA1 dependent Schaffer collateral LTP in the hippocampus.
Sulf1-deficient mice show a reduced hippocampal spine density
As histological analysis of Sulf1-deficient mice revealed no neuroanatomical malformations, the mechanisms of the Sulf1 characteristic deficits in LTP seem to be mediated on a molecular level. One possible cause of deficits in synaptic plasticity is an alteration in spine morphology or density. Dendritic spines in the stratum radiatum of the CA1 region of Sulf1-, Sulf2-deficient and wild-type mice were analysed using transmission electron microscopy (Fig. 5) . Sulf1-deficient hippocampal neuron morphology was found to be in the normal range except for a markedly reduced frequency of dendritic spines (Fig. 5, compare  A, B and C, D) and a synapse structure, in which both the postsynaptic density and the number of synaptic vesicles were reduced (Fig. 5D) [16] , which gives rises to the later hippocampal anlage [36] 17 mN) .
and E, F). Taken into account that (i) Sulf1 expression in the hippocampus is limited to the early developing nervous system in the dorsal telencephalic vesicle
Cage activity recordings showed a stable and typical pattern in wild-type mice with an exploratory peak when they were introduced in the recording cages, and intense nocturnal perambulation (Fig. 6A) . Notably, activity recordings were quite different in [23] . Furthermore, Sulf1 modulates Sonic hedgehog (Shh) signal transduction processes in the ventral spinal cord [37] and is involved in cartilage and joint development [22, 38] . Additionally, it has been shown that Sulf1 expression is necessary for normal vascular smooth muscle cell proliferation, migration and cell death [39] [13, 21, 43] . The interaction between FGF-2 and fibroblast growth factor receptor-1 (FGFR-1) requires ternary complex formation involving HS 6-O-sulfate groups [44, 45] . The finding that FGFR-1-deficient mice display neural tube defects similar to those observed in Sulf2-deficient mice [46] [10] , it will be interesting to analyse the correlation between HS sulfation patterns, specific HSPG subtypes such as agrin or glypican-2 which are known to modulate axon outgrowth [53, 54] , and HS-binding growth factors like FGF-2, GDNF, Shh or SDF-1 [13, 15, 16, 23, 43] , which may help explain specific pathophysiological phenotypes observed in the Sulf knockouts.
Sulf1 and Sulf2 in the adult nervous system
In the adult nervous system HSPGs accumulate in the extracellular space between pre-and postsynapses, thereby modifying various aspects of synaptic differentiation, maturation and in particular their plasticity [55] . Especially (Fig. 4) . Surprisingly 
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Morphology of the cortex and the hippocampus of Sulf1-and Sulf2-deficient mice. Light microscopic analysis of the cerebellar cortex (A-C) and the hippocampus (D-F) of 3-monthold Sulf1 (B, E) and Sulf2 (C, F) deficient mice demonstrated an apparently normal histoarchitecture of these CNS structures compared to wild-type mice (A, D) (cerebellar cortex: 100ϫ, hippocampus: 25ϫ), (I-VI: lamina I-VI). Timm's staining of the hippocampus revealed a similar laminated organization of the CA3 subfield in wild-type (G), Sulf1 (H) and Sulf2 (I) deficient mice (25ϫ). Double-label immunofluorescence to detect Neurofilament L (J-L) and GFAP (glial fibrillary acidic protein) (M-O) showed that the neuron-specific intermediate filament Neurofilament L immunoreactivity (J-L) is not detectably altered in the CA1 region of the hippocampus of Sulf1 (K) and Sulf2 (L) deficient mutants (630ϫ). Also the astrocyte-specific marker GFAP (M-
O
Granular (GL) and Purkinje (PL) layer compared to wild-type mice (A, D) (A-C: 25ϫ, D-F: 100ϫ). Double-label immunofluorescence to detect Neurofilament L (G-I) and GFAP (glial fibrillary acidic protein) (J-L) showed that the neuron-specific intermediate filament Neurofilament L (Neurofilament light chain) immunoreactivity (G-I) was not detectably altered in Sulf1 (H) and Sulf2 (s) deficient mutants (630ϫ). Immunohistochemical localization of the astrocyte-specific marker GFAP (J-L) showed a normal distribution in the cerebellum of Sulf1 (K) and Sulf2 (L) mutant mice (630ϫ). Sections G-L were counterstained with DAPI (M-O).
